Postnatal proliferation of cerebellar granule neuron precursors (CGNPs), proposed cells of origin for the SHH-associated subgroup of medulloblastoma, is driven by Sonic hedgehog (Shh) and insulin-like growth factor (IGF) in the developing cerebellum. Shh induces the oncogene Yes-associated protein (YAP), which drives IGF2 expression in CGNPs and mouse Shh-associated medulloblastomas. To determine how IGF2 expression is regulated downstream of YAP, we carried out an unbiased screen for transcriptional regulators bound to IGF2 promoters. We report that Y-box binding protein-1 (YB-1), an onco-protein regulating transcription and translation, binds to IGF2 promoter P3. We observed that YB-1 is upregulated across human medulloblastoma subclasses as well as in other varieties of pediatric brain tumors. Utilizing the cerebellar progenitor model for the Shh subgroup of medulloblastoma in mice, we show for the first time that YB-1 is induced by Shh in CGNPs. Its expression is YAP-dependent and it is required for IGF2 expression in CGNPs. Finally, both gain-of function and loss-of-function experiments reveal that YB-1 activity is required for sustaining CGNP and medulloblastoma cell (MBC) proliferation. Collectively, our findings describe a novel role for YB-1 in driving proliferation in the developing cerebellum and MBCs and they identify the SHH:YAP:YB1:IGF2 axis as a powerful target for therapeutic intervention in medulloblastomas.
INTRODUCTION
Medulloblastoma accounts for 25% of primary central nervous system neoplasms in the pediatric age range. 1 Medulloblastomas can be divided into four genetically and histologically defined subgroups. [2] [3] [4] Certain subgroups are marked by upregulation of expression of Sonic hedgehog (Shh) or Wnt pathway targets, and others are marked by amplification or upregulation of MYC ('Group C') and the presence of isochromosome 17q ('Group D').
Shh-associated medulloblastoma is proposed to arise from neural precursors in the rhombic lip. 5 These cells, cerebellar granule neuron precursors (CGNPs), are destined to form the external granular layer (EGL) of the cerebellar cortex, where they will undergo a period of rapid, Shh-induced proliferation. The Shh ligand, secreted by Purkinje neurons, interacts with the 12-transmembrane domain receptor Patched (Ptc), which inhibits Smoothened (Smo), a seven-pass transmembrane protein. Shh interaction with Ptc relieves the inhibition of Smo, resulting in pathway activation and nuclear translocation of Gli family transcription factors, which activate target genes driving CGNP proliferation and inhibiting differentiation. [6] [7] [8] Importantly, primary cultures of CGNPs can be derived from postnatal (PN) 4/5 mice and maintained in a proliferative state for 72 h by the addition of exogenous Shh protein. Thus, primary CGNP cultures are an excellent system for isolating and studying Shh mitogenic signaling and interactions with other pathways, including the insulin-like growth factor (IGF) pathway, which cooperates with Shh at multiple levels during normal cerebellar development and in medulloblastoma. [9] [10] [11] [12] [13] [14] Unlike other tumor subgroups, SHH medulloblastomas have been straightforward to model in mice by deletion of Ptc, or by activation of Smo. We utilize a mouse model developed by Jim Olson (Fred Hutchinson Cancer Research Center). These mice express an activated mutant allele Smoothened (SmoA1) (a G-protein-coupled receptor that is critical for Shh pathway activation) under the control of NeuroD2 promoter.
that this effect of YAP was a result of YAP-mediated induction of IGF2. Importantly, in human medulloblastoma patient samples, IGF2 was most highly expressed in the SHH subtype, and knocking down IGF2 in YAP-transduced cells rescued the appropriate response to irradiation. 12 To further understand how IGF2 expression is regulated in MBCs and Shh-responsive CGNPs, we carried out an unbiased screen for transcriptional regulators bound to the IGF2 promoter 3 (P3), which drives IGF2 expression in the developing brain and in medulloblastomas. 16 Using mass spectrometry, we identified several potential regulators of IGF2 expression that could be functioning along with, or downstream of YAP. One of these factors is Y-box protein-1 (YB-1), which due to its implication in many cancer-associated cellular programs, such as cell proliferation, genomic instability, angiogenesis, invasion, metastasis and inflammation, 17 attracted our interest. YB-1 is overexpressed in many malignancies, including colorectal carcinomas, 18 prostate cancer, 19 osteosarcoma, 20 ovarian serous adenocarcinoma, 21, 22 lung cancer, 23, 24 synovial sarcoma 25 and breast cancer. [26] [27] [28] [29] [30] However, much less is known about the role of YB-1 in childhood cancers. The first report showing that YB-1 is a feature of pediatric glioblastoma multiforme was published in 2007. 31 Here, we report for the first time that YB-1 is upregulated in all subclasses of medulloblastomas. We observed that YB-1 is required for proliferation in CGNPs and MBC cultures, and also in a threedimensional context of cerebellum and tumors using an organotypic slice culture-based approach. We also demonstrate that YB-1 is required for IGF2 expression in CGNPs, and it is a YAP-dependent target of Shh signaling in CGNPs. Taken together, these findings point to YB-1 as an essential regulator of CGNP and MBC proliferation, suggesting the YAP: YB-1:IGF2 axis as a novel target that may block tumor growth in SHH-associated medulloblastoma.
RESULTS

YB-1 is highly expressed in all subclasses of human medulloblastomas
We have previously observed IGF2 expression driven by YAP, 12 a target of Shh in primary CGNP cultures, 10 but the mechanism through which this occurs remained unclear. Regulation of IGF2 expression is extremely complex. In most tissues, the maternal copy of the IGF2 gene is imprinted, and transcription takes place from the paternal copy. Moreover, there are four IGF2 promoters, from which tissue-specific transcription takes place. In the human fetal brain, there is loss of IGF2 imprinting, and in regions such as the choroid plexus, transcription takes place from both alleles, using promoter P3. 32 In human medulloblastomas of all classes, promoter P3 most strongly drives IGF2 expression. 33 We wanted to determine whether YAP directly regulates IGF2 expression, or whether another protein intermediate is required. To this end, we used biotinylated DNA 'fishing' combined with mass spectrometry 34, 35 to delineate the transcriptosomes 36 at the IGF2 promoters. The IGF2 promoters have already been mapped in mouse 37 and analysis of the promoter usage in the developing mouse cerebellum showed promoter P3 being predominant over promoter P1. 16 We designed primers specific for promoters P3 and P1 with a biotin-tag at the 5′-end of the forward primer (Supplementary Table S1 ). The respective promoter regions were PCR amplified from mouse genomic DNA and gel purified. The amplicons were incubated with streptavidin-coated magnetic beads and subsequently mixed with lysates enriched in nuclear proteins from PZp53Med cells-a line derived from a medulloblastoma arising in a Ptc +/ − /p53 − / − mouse 38 -and SmoA1 tumor tissue. The eluates were subjected to mass spectrometry analysis to identify proteins bound to the respective promoters. The mass spectrometry results showed YB-1 protein associated with IGF2 promoter P3 in nuclear-fraction-enriched lysates from both SmoA1 tumor and PZp53Med cell line (Supplementary Table S2 ; Supplementary Figures S1a and b) . The mass spectrometry data for YB-1 was reconfirmed by western blot for YB-1 in the eluates from the same experiment ( Supplementary Figures S1c and d) . However, these results for YB-1 were obtained in a mouse model and in a cell line derived from a mouse medulloblastoma. It was, therefore, imperative to search for the association of YB-1 with medulloblastoma in human samples.
A role of YB-1 in medulloblastoma has not been elucidated, thus we determined the gene expression pattern of YB-1 in a human medulloblastoma cohort comprising 4200 samples. 39 We observed YB-1 upregulation in all four subclasses of medulloblastomas ( Figure 1a ) as compared with normal cerebellar controls. A similar trend in gene expression was observed for a smaller cohort of 64 samples of medulloblastomas (Supplementary Figures S2a) . 3 The difference in gene expression was analyzed using one-way analysis of variance and was found to be significant (Po 0.001, Figure 1a) . Focal amplification and copy number gains harboring YBX1 were observed in 4 out of 1088 medulloblastomas, all of which belonged to the SHH subgroup ( Figure 1b) . The list of genes found in the amplified locus of Chr1 ( Figure 1b ) and sharing the locus with YBX1 includes transcription factors such as FoxJ3 and translation-associated genes like RIMKLA, which co-relate with the role of YB-1 as a transcription/ translation factor.
The role of aberrant activation of extracellular signaling pathways as a mechanism of YB-1 upregulation in medulloblastomas remains unexplored. As mentioned previously, the Shh subgroup of medulloblastoma has already been modeled in mice by deletion of Ptc, or by activation of Smo. In addition, we detected YB-1 associated with IGF2 promoter P3 in a cell line and primary tumor tissue derived from these mouse models. Our previous studies have shown YAP-mediated activation of IGF2 as radiation resistance mechanism specific to the Shh subgroup of medulloblastoma owing to uniquely high messenger RNA (mRNA) levels of YAP and IGF2 in these samples. 10, 12 Taken together, these observations are suggestive of a distinct role of YB-1 in Shh subgroup of medulloblastoma. We carried out immunostaining for YB-1 on a tumor section derived from Shh subgroup human medulloblastoma and found it to be positively stained for YB-1 (Supplementary Figure S2b) . We confirmed specificity of the YB-1 antibody using peptide competition (Supplementary Figure S2c) . After confirming the presence of YB-1 protein in Shh subgroup human medulloblastoma, we next wanted to determine the role of YB-1 in Shh-driven proliferation.
YB-1 is a target of Shh signaling and controls proliferation in CGNPs CGNPs in the developing cerebellum depend upon Shh signaling for proliferation and are believed to be the cell of origin for SHHassociated medulloblastomas. These cells require IGF2 signaling for their survival through the PI3K-Akt signaling pathway, 12, 40 and we have previously shown that mitogenic Shh signaling cooperates with the IGF2 pathway at a number of levels. 9, 11, 13 Having observed that YB-1 binds the IGF2 promoter in SmoA1 and Pzp53med cells, we next asked whether YB-1 is itself a target of mitogenic Shh signaling. We prepared whole-cell extracts from primary CGNP cultures grown in the absence of serum and treated with purified Shh protein, versus Shh vehicle. On analyzing CGNP protein lysates by western blotting after 48 h of Shh treatment, we observed high levels of YB-1 protein (Figure 2a ). To gain additional insight into the mechanism through which Shh regulates YB-1, we treated CGNPs with the Smoothened inhibitor cyclopamine 38 for 12 h. This attenuated the Shh-induced increase in YB-1 protein (Figure 2a ). Immunofluorescence analysis indicates that YB-1 is present in CGNPs undergoing proliferation, as determined by colocalization with the proliferation marker Ki67 (Figures 2b and c) . However, we did not observe any significant change in mRNA levels (Figure 2d ), which is indicative of a posttranscriptional mechanism for upregulation of YB-1 downstream of Shh in CGNPs.
Mitogenic Shh signaling directs CGNPs to stay in the cell cycle and when Shh is withdrawn, these cells terminally exit the cell cycle within 6 h. 41 The downstream targets of Shh mitogenic signaling include Gli1, Gli2, N-myc, YAP and IRS1.
10,11,42-44 YB-1 has been shown to be an activator of several genes involved in proliferation including DNA polymerase α 45 and PCNA. 23 As YB-1 is induced by Shh in CGNPs, we wished to determine whether manipulation of YB-1 levels affected proliferation in the presence of Shh. We overexpressed YB-1 in CGNPs and observed that the levels of Cyclin D2 and Ki67-positive CGNPs increased as a result (Figures 3a, b and b' ). The efficiency of adenoviral infection was verified using quantification of GFP-positive CGNPs post infection as the adenoviral construct for YB-1 had GFP cloned with an independent promoter (Supplementary Figure S3a) . We subsequently carried out loss-of-function analysis using lentiviruses carrying short hairpin RNA (shRNA) sequences targeting YB-1. YB-1 was targeted by five shRNA clones and we found that three out of five shRNA lentiviruses tested in on CGNPs were effective in knocking down YB-1 (Supplementary Figure S4a; Supplementary Table S3 ). For a control, an shRNA that had a scrambled RNA targeting sequence was used. We observed decreased levels of Cyclin D2 in YB-1-knocked-down CGNPs (Figure 3c ), without any decrease in survival (as indicated by cleaved caspase-3 levels).
To rule out off-target effects, we used another verified shRNA construct (Lenti1; Supplementary Table S3) against YB-1 and compared it with the construct used in this study to knock down YB-1. This construct (Lenti1) did not target YB-1 and CycD2 in CGNPs, but the construct used in our study did knock down YB-1 and reduce CycD2 levels in CGNPs (Supplementary Figure S4b) . Quantitative determination of the effect of YB-1 loss YBX1 is highly expressed in Wnt-, Shh-, group 3 and group 4 medulloblastomas. These plots are useful means of presenting differences between populations (that is, medulloblastoma subgroups) as they display groups of numerical data (in this case, signal intensity/expression level of YBX1 gene in adult cerebellum and medulloblastoma subgroups) through their five number summaries: the smallest observation (sample minimum = lower line), lower quartile (Q1 = bottom of box), median (Q2 = line in box), upper quartile (Q3 = top of the box) and largest observation (sample maximum = upper line). These plots can also identify any observations that may represent outliers (circles outside the boxes). YB-1 is amplified in all subclasses of human medulloblastomas (normal cerebellum versus Wnt P = 4.9 × 10 ; normal cerebellum versus Wnt P = 1.1 × 10 − 11 ); (b) Focal amplification and copy number gains harboring YBX1 were observed in 4 out of 1088 medulloblastomas, all of which belonged to the SHH subgroup (SHH-MB affiliation is depicted by red blocks next to the copy number heatmap; all genes encompassed in the minimally overlapping region enlisted in the lower panel). The minimally overlapping region involving YBX1 was visualized in the Integrative Genomics Viewer (IGV; version 2.3). MB, medulloblastoma. Statistically significant differences are indicated as ***Po0.001. It is important to study the role of genes regulating CGNP proliferation in context of other cell types present in the developing cerebellum, as cell-cell signaling and maintenance of tissue architecture are essential for correct development, and these nuances are lost in dissociated monolayer cultures. Unfortunately, YB-1 null mice do not survive postnatally 46 and, to date, no YB-1 conditional alleles have been reported. As the CGNPs proliferate in vivo in the EGL of the developing PN cerebellum, we performed immunofluorescent staining of mouse cerebellar sections at three developmental stages: postnatal day 7 (PN7), at the peak of CGNP proliferation; PN15, when proliferation is diminishing; and adulthood, when cerebellar development reaches completion. YB-1 expression was evident in the EGL during the peak of CGNP proliferation (Figures 4a and b) at PN7. However, at P15, YB-1 was present in granule cells in the internal granular layer, as well as their processes in the molecular layer. The expression of YB-1 was negligible in the adult cerebellum. Similar observations have been previously made regarding the age-dependent expression of YB-1 in mice. 47 Our results indicate that YB-1 protein is associated with CGNPs undergoing proliferation induced by Shh in vitro and in vivo, and that YB-1 could be having other roles in subsequent stages of cerebellar development.
YB-1 co-expressed with PCNA-positive cells in the EGL of P7 mouse cerebella (Figure 4b ). Therefore, to evaluate the requirement for YB-1 in CGNPs proliferating in context of their microenvironment, we used cerebellar organotypic cultures. Cerebellar slices from P5 SW129 wild-type mice were electroporated with plasmids for non-targeting ScrShRNA or with YB-1-targeting ShRNA constructs. After 4 days in culture, the cerebellar slices were fixed and stained for Ki67. On confocal imaging, we observed that the EGL stained strongly for Ki67 in cerebellar slices treated with ScrShRNA in comparison with the slices treated with YB-1-shRNA or cerebellar slices grown in the absence of Shh (Figures 4c and d) . The electroporation of GFP-expressing lentiviral plasmid was used as a control to verify the efficiency of electroporation (Supplementary Figure S5) . These results demonstrate a requirement for YB-1 in CGNP proliferation in vitro and in context of an intact cerebellar environment ex vivo.
YB-1 regulates Igf2 expression and it is a target of YAP in CGNPs YB-1, bound to promoters of various genes, has been known to be a transcriptional activator or repressor in a context-dependent manner. 17, 48 It has been shown previously that YB-1 binds to the IGF2 promoter by chromatin immunoprecipitation (ChIP)-on-chip analysis in breast cancer cells. 49 We further validated the promoter-binding data using ChIP experiments to scan for YB-1 Five different fields were considered in each case. Statistically significant differences are indicated as **Po0.01; ***Po0.001.
YB-1 in medulloblastoma and Shh mitogenic signalingbinding sites on Igf2 promoter. An electronic search on the eukaryotic promoter database (http://epd.vital-it.ch/) revealed three YB-1-binding sites in the 5000 bp region upstream of transcription start site of the Shh effector Igf2 (Supplementary Figure S6) . As shown in Figures 5a and b, we found statistically significant evidence that YB-1 binds to two out of the three YB-1-binding sites that we analyzed on the Igf2 promoter. Thus, we wished to determine whether YB-1 binds to IGF2 promoter P3 in Shh-induced CGNPs. We carried out the same biotinylated DNA binding analysis of IGF2 promoters that we earlier showed in Supplementary Figure S1 , this time using lysates from Shhinduced CGNPs and found that YB-1 was bound to IGF2 promoter P3 (Figure 5c ).
It is not known whether YB-1 acts as an activator or repressor of IGF2 expression. To determine the role of YB-1 in regulating IGF2 expression we knocked down YB-1 using shRNA-carrying lentiviruses as described above in Shh-treated CGNPs and measured the mRNA from IGF2 promoter P3 by quantitative RT-PCR (reverse transcription PCR). We found that IGF2 mRNA expression decreased significantly in the CGNPs with YB-1 knocked down (Figure 5d ). Taken together, these observations suggest that YB-1 is essential for IGF2 expression in CGNPs. Arguably, however, the effect of YB-1 knockdown in IGF2 expression could merely be the result of affecting activity of a major transcriptional regulator. To determine whether manipulation of YB-1 broadly affects other genes downstream of Shh signaling, we searched for other genes that are associated with Shh signaling and have been reported to be transcriptionally associated with YB-1 based on a recent ChIPon-chip analysis. 49 We found that NMyc, 44 Bcl6, 50 Mtss1 (ref. 51) and Gli1 (ref. 52) met these criteria. We next overexpressed YB-1 and GFP in CGNPs initially primed with Shh and then grown in the absence of Shh post transduction, to identify the role of YB-1 in driving the expression of these genes. We found that neither Gli1 mRNA nor did NMyc mRNA levels show any significant change, (Supplementary Figure S7) , suggesting they are regulated independent of YB-1 activity. On the other hand, the levels of tumor suppressor Bcl6 and Mtss1 mRNA were significantly lowered. Therefore, two of the known Shh targets (NMyc and Gli1) were not affected by overexpression of YB-1, whereas the other two Bcl6 and Mtss1 were downregulated. These results indicate that manipulation of YB-1 activity has effects on specific targets, such as IGF2, and does not cause general alterations of gene expression.
We have previously established YAP as a downstream target of Shh and an upstream regulator of IGF2.
10,53 The findings described above show that IGF2 expression also lies downstream of YB-1. We thus wished to determine whether YAP is an upstream regulator of YB-1 levels. To this end, we isolated CGNPs from P5 cerebella of YAP-loxP mice (gift of Jeff Wrana, The Lununfeld-Tanenbaum Research Institute, Canada) 54 and infected them with adenoviruses expressing Cre-recombinase (Vector BioLabs), or control GFP adenoviruses (Supplementary Figure S4b) . After 48 h (post Figure 5e shows that Cre-mediated ablation of YAP from CGNPs downregulates cyclin D2 consistent with our previous report that YAP is required for Shh-driven CGNP proliferation. Moreover, Cre-mediated YAP ablation also blocked YB-1 induction. These results show that YAP is an upstream regulator of YB-1 expression in CGNPs. (Figures 6e and f) . These results indicate that downregulation of YB-1 levels in the cells and tissues derived from SmoA1-medulloblastoma can reduce proliferation. In addition, we determined the IGF2 mRNA levels from MBC cultures expressing shRNA targeting YB-1 (Supplementary Figure S10) and found them to be significantly reduced when compared with control. DISCUSSION YB-1 is an oncogenic transcription/translation factor and its activity leads to the development of cancer. 55 The first report associated with YB-1 in pediatric brain tumors showed that it is overexpressed in pediatric glioblastomas. 31 During embryonic development, the role of YB-1 has been proven to be essential 46 as it contributes to neural tube closure and cell proliferation. The expression of YB-1 closely correlates with cell proliferation state during mammalian development 47, 56 and decreases steadily during the development. In spite of such knowledge, there is a lack of understanding how or which extracellular signals induce YB-1 expression in proliferating undifferentiated cells during the development. The known extracellular signals controlling YB-1 expression in differentiated cells include interleukin-2 in T-helper lymphocytes, 57 serum-activated fibroblasts 58 and thrombin in endothelial cells. 59 Our observation of induction of YB-1 by Shh and its inhibition by cyclopamine (SmoA1-antagonist) in CGNPs, putative cells of origin for the SHH-associated subgroup of medulloblastomas, confirmed that YB-1 is a target of canonical Shh mitogenic signaling in the developing cerebellum. The Shh-induced CGNPs that were positive for YB-1 were also positive for PCNA, indicating the correlation between YB-1 overexpression and cell proliferation in progenitor cells. The co-expression of YB-1 with PCNA in the EGL is indicative of the active role played by YB-1 in proliferative regions of the cerebellum controlled by Shh in vivo. The knockdown of YB-1 dramatically reduced the CGNP proliferation and its overexpression led to increased proliferation. Moreover, our results show that knockdown of YB-1 in organotypic cerebellar slices reduced the thickness of EGL as well as the number of proliferative cells, emphasizing that the proliferative effect of YB-1 is maintained in a cerebellar macroenvironment, which preserves several important architectural features of the host tissue, such as neuronal connectivity, cellular stoichiometry and glial-neuronal interactions. 60 Taken together, our results indicate that YB-1 protein is associated with CGNPs undergoing proliferation induced by Shh in vitro, and ex vivo, and that YB-1 could be having other roles in subsequent stages of cerebellar development, a matter for future investigation.
YB-
We identified YB-1 interacting with IGF2 promoter P3 in the lysates from Shh-induced CGNPs. Although YB-1 has been reported to interact with the IGF2 promoter in breast cancer cells, 49 there have been no further reports that analyze the functional aspect of this association in developmental and oncogenic pathways in the cerebellum. Although IGF2 expression is detectable at the two-cell stage and is strong in extra-embryonic tissues as early as embryonic day 4.5 (E4.5), expression in the embryo is not evident until E7.5, increasing rapidly thereafter.
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IGF2 is expressed in the developing and mature cerebellum. Thus, YB-1 can be a positive or a negative regulator of transcription for IGF2, as has been the case for multiple gene promoters that house Y-box sequences (TAACC). [62] [63] [64] [65] [66] [67] We knocked down YB-1 in CGNPs and observed a corresponding decrease in IGF2 mRNA levels indicative of the activational role played by YB-1 in regulating IGF2 expression. YAP, the Hippo pathway effector, is an Shh target in CGNPs and regulates IGF2 expression, and interestingly we observed that YAP is also an upstream regulator of YB-1 in Shhinduced CGNPs. Taken together, the existence of YAP/YB-1/IGF2 axis in Shh-induced CGNPs demonstrates the unique mechanism of YB-1 regulation.
Shh signaling in CGNPs is a highly regulated process wherein proliferative signals are activated during the early phase of growth and deactivated when no longer necessary; this strong regulation ensures cell homeostasis. In MBCs, this regulation is compromised and leads to aberrant activation of the Shh pathway. We observed that YB-1 is overexpressed in the medulloblastomas from SmoA1 mice when compared with normal adjacent cerebellar tissue and it interacts with IGF2 promoter P3 as well. The role of this overexpression of YB-1 in MBC proliferation was then analyzed by knockdown experimentation. As observed in the case of Shhinduced CGNPs, when YB-1 expression was knocked down in SmoA1 MBCs, there was a strong decrease in the levels of proliferation markers CycD2 and PCNA, for both tumor-derived cell culture and tumor-derived organotypic slice cultures. Thus, the role of YB-1 in controlling cell proliferation is conserved both in developmental neurobiology and medulloblastoma etiology.
Our results indicate that YB-1 is required for proliferation in CGNPs and MBCs. We also observe that YB-1 is induced by Shh in CGNPs and that YAP is required for this process, suggesting the regulatory loop shown in Figure 7 . Here, Shh upregulates YAP, which is required through yet-to-be-determined mechanisms for YB-1 upregulation. YB-1 in turn drives IGF2 expression, which results in the activation of IRS1 that, as we have previously shown, interacts with and stabilizes YAP. 10 The activity of this regulatory loop, in addition to Shh-mediated N-myc and Gli induction driving their downstream gene expression programs, is an output resulting in sustained, rapid proliferation during cerebellar development and in MBCs. Activation of the IGF pathway is found in medulloblastomas 68 and IGF2 in particular is required for SHHmediated medulloblastoma formation 69 in vivo and MBC proliferation in vitro.
33 IGF1 and IGF2 activate the IGF receptor. One way through which IGF-mediated phosphoinositide-3 kinase signaling cooperates with SHH signaling is by inhibiting GSK3β, 14, 70 which blocks cell cycle progression in CGNPs by phosphorylating N-myc and targeting it to the proteasome for degradation.
When we searched for the expression pattern of YBX1 (gene encoding YB-1) in human medulloblastoma genomic database, we found that YBX1 was overexpressed in human medulloblastomas, across all subclasses. These results suggest pleiotropic roles for YB-1 in the different medulloblastoma subclasses, which bear unique gene expression signatures, chromosomal aberrations, histological traits and prognoses. However, YAP is most highly expressed in the Wnt and SHH subclasses, whereas IGF2 is most highly expressed in the SHH subclass, suggesting that the YB-1 in medulloblastoma and Shh mitogenic signalingYAP-YB1-IGF2 relationship is unique to SHH medulloblastomas, while YB-1 likely has roles in different pathways in the other subgroups. However, owing to the difference in signaling mechanisms regulating each of these subclasses and varieties, we believe that the upstream regulation of YB-1 and the regulatory role of YB-1 itself in medulloblastoma may be different in each subclass. Ascertaining the role of YB-1 in the other subgroups will be a fascinating area of future study, entailing the use of additional mouse models and human patient-derived xenografts that are beyond the scope of the current study.
Importantly, the regulatory loop that we have described ( Figure 7 ) contains many potential nodes for therapeutic targeting, including, but not limited to, Shh, IGF2, Akt, mTOR and cdk inhibitors already in existence, and proposes YB-1 to be a novel target 71 for medulloblastoma drug development. Implementation of such drug-mediated approaches to treatment have the potential to improve survival of patients as well as vastly improve quality of life for survivors, as their use may ameliorate the need for high-dose radiation and chemotherapy, which leave the young patients with a high risk of devastating, life-long side effects. Future studies to determine the mechanisms through which YAP regulates YB-1, identify additional pathways impacting on YB-1 expression and activity, as well as characterize functions of YB-1 beyond its transcriptional regulatory roles in cerebellar development and medulloblastoma will further expand the repertoire of approaches through which this potent network can be targeted in tumor treatment, as well as increase our understanding of the complex process of cerebellar progenitor expansion and development.
MATERIALS AND METHODS
Animal studies
Harvest of neural precursors from neonatal mice and preparation of cerebella and tumor tissue from wild-type and mutant mice for cell culture or histological analysis were carried out in compliance with the Emory University Institutional Animal Care and Use Committee guidelines. NeuroD2-SmoA1 mice were provided by Jim Olson (Fred Hutchinson Cancer Research Center). YAP-loxP mice were a gift from Jeff Wrana (Canada). The tumor bearing SmoA1 mice used in this study were females within an age range of 4-6 months. The wild-type neonatal mice were not discriminated on the basis of sex to derive neural precursors and cerebellar tissue slices.
Culture of CGNPs and MBCs
CGNP cultures were generated as described previously (Kenney and Rowitch 41 ). Cells were plated on poly-DL-ornithine (Sigma, St Louis, MO, USA) precoated plates or precoated glass coverslips. Where indicated, Shh was used at a concentration of 3 μg/ml. Cyclopamine (R&D Systems, Minneapolis, MN, USA) was used at 1 μg/ml. MBCs were harvested from SmoA1 mouse medulloblastomas. Briefly, tumors were disassociated and cells were incubated in trypsin/EDTA (ethylenediaminetetraacetic acid) solution for 30 min, then passed through a cell strainer. Cells were subsequently separated on a density step gradient of 35 and 65% Percoll solution (Sigma). Purified MBCs were enriched by pre-plating on uncoated tissue culture dishes to remove adherent fibroblasts and glial cells. Non-adherent cells were plated on tissue culture dishes precoated with poly D-lysine (Sigma) and Matrigel (BD Biosciences, San Jose, CA, USA), infected with adenoviruses/lentiviruses 4 h later, and cultured for 72 more hours before collection for further analysis. Mouse medulloblastomaderived PZp53Med cell line 38 was used in the ChIP experiments (below) and the cells were mycoplasma free.
shRNA lentiviruses Mission shRNA lentiviral particles (Sigma) targeting YB-1 (TRCN0000077208, TRCN0000077209, TRCN0000077210, TRCN0000077211, TRCN0000222733) were purchased commercially. MISSION TRC2 pLKO.5-puro Non-Mammalian shRNA was used as a control. The efficiency of knockdown for each lentiviral plasmid was determined by adding same titer of lentiviral particles targeting YB-1 to CGNP cultures and comparing the levels of YB-1 protein with non-target shRNA (ScrShRNA) transduced CGNPs using western blotting. The batch with strongest knockdown of YB-1 (TRCN0000222733) was selected for remainder of the knockdown experiments. CGNPs were plated in medium with serum for 3 h and then exposed to the viruses with serumfree medium ± Shh for 24 h. Fresh serum-free medium ± Shh was replenished every 24 h for the next 72 h.
Adenovirus infection
For infection, a replication incompetent adenovirus (Vector BioLabs, Philadelphia, PA, USA, Catalog #ADV-276442/ Cat# 1700,) expressing YB-1/Cre and GFP on separate promoters was used; control was GFP-only adenovirus (Vector BioLabs, Cat#1060).
Organotypic cerebellar and SmoA1 tumor slice cultures P5 cerebella were sectioned sagittally and SmoA1 tumors were sectioned horizontally into 300-μm-thick slices with a vibratome (Lancer Vibratome Series 1000). Electroporation was performed on slices with lentiviral plasmids encoding GFP, ScrShRNA or YB-1 ShRNA (Sigma Mission shRNA) using ECM 830 Square Wave Electroporation System (BTX Harvard Apparatus) with 2.5 μg of plasmid per slice. The electroporation for every slice was done with five pulses of 5 ms (interval of 995 ms) at 25 V. The electroporation was repeated once more with the field reversed. The slices (300 μm) were placed on Transwell inserts (1 μm pore size; Falcon, Tewksbury MA, USA) precoated with poly-d-lysine and laminin and kept for 4 h in Dulbecco's modified Eagle's medium-F-12 (DMEM/F12) (Gibco, Life Technologies, Grand Island, NY, USA) supplemented with 25 mM KCl, N2 supplement (Gibco, Life Technologies), antibiotic and 10% fetal calf serum (Sigma). After 4 h, the medium was changed to DMEM/F12/N2/KCl minus serum, with or without Shh, as indicated. The slices were cultured for 3 days, fixed in 4% paraformaldehyde on the fourth day and immunostained with antibodies against Ki67 (Vector BioLabs). For each experiment, three slices from three independent cerebella/tumor were analyzed by confocal microscopy (Olympus FV1000, Center Valley, PA, USA). For imaging and analysis, cerebellar boundaries were defined using DAPI staining, which allows delineation of EGL, molecular layer and internal granular layer in cerebellar slices/tumor regions versus normal adjacent tissues in SmoA1-medulloblastoma slices.
Pull-down assay to identify proteins interacting with IGF2 promoters and vortexed gently. The resulting suspension was mixed with half-packed nuclear volume of high-salt buffer C (20 mM Tris-HCl pH 7.9 at 4°C; 25% glycerol, 1.5 mM MgCl 2 ; 1.2 M KCl; 0.2 M EDTA, 1 mM DTT, 0.1 mM PMSF) so that the final concentration of KCl is 300 mM. After two to five strokes of further homogenization, the nuclei were extracted for 30 min with gentle mixing at 4°C. The nuclear extract was obtained as a supernatant after centrifugation at 25 000 g for 30 min at 4°C and stored at − 20°C until the last stage of the assay. In the second stage, Igf2 promoter regions corresponding to P1 and P3 were PCR amplified from mouse genomic DNA using biotinylated primers (Supplementary Table S1 ) from Integrated DNA Technologies (Coralville, IA, USA). The 100 bp amplicons from P1 and P3 (1 μg DNA) were immobilized on 50 μl of Dynabeads M270-streptavidin beads (Life Technologies), pre-washed in buffer D (20 mM Tris-HCl pH 7.5; 1 mM EDTA; 2 M NaCl), in the same buffer D for 30 min at room temperature. The excess of buffer D was removed from the M270 beads bound to biotinylated DNA by magnetic separation. The nuclear extract from the first stage was diluted to a final concentration of 0.1 M KCl and added to the M270 beads for 2 h at 4°C with gentle mixing. The unbound fraction was subsequently removed by magnetic separation and the beads were washed twice with buffer B. The promoter-bound proteins were extracted by treating the beads with high-salt buffer C for 30 min at 4°C and eluting them using a magnet. The extracted samples were then subjected to either mass spectrometry or western blotting to identify proteins bound to the IGF2 promoters.
Mass spectrometry
Samples were submitted to trypsin (Promega, Madison, WI, USA) digest in 50 mM ammonium bicarbonate for 15 h at 37°C. Samples were dried by SpeedVac and resuspended in buffer A (95% water, 5% acetonitrile and 0.1% formic acid) and injected for liquid chromatography-tandem mass spectrometry analysis on a LTQ-XL linear ion trap mass spectrometer (Thermo Fisher, Waltham, MA, USA). Mascot (Matrix Science, London, UK) version 2.3.02 was used to search against the Mouse RefV64cRapRev database. Prohits software was used to create comparative tables.
RNA extraction and RT-PCR
Total RNA from CGNPs was extracted and purified using the TRIzol reagent (Invitrogen, Life Technologies, Grand Island, NY, USA) according to manufacturer's instructions. Complementary DNA was prepared from 1 μg of total RNA by using High-Capacity Complementary DNA Reverse Transcription Kit (Applied Biosystems, Life Technologies, Grand Island, NY, USA) as per the maufacturer's instructions. Quantitative PCR was performed using Sso Advanced Universal SYBR green Supermix (Bio-Rad, Hercules, CA, USA). RNA expression data were acquired using C1000 Touch Thermal Cycler and CFX96 Real-Time PCR Detection System. The data were analyzed for average results and standard errors are presented. Primers for Gli1 (Unique Assay ID: qMmuCID0026119), NMyc (Unique Assay ID: qMmuCID0009689), Bcl6 (Unique Assay ID: qMmuCID0005293), Mtss1 (Unique Assay ID: qMmuCID0012018) and GusB (Unique Assay ID: qMmuCID0046361) were purchased from Bio-Rad. Primer sequences used for Igf2 were as follows: Igf2P3F 5′-TCCTCCTCCTTCCTAGCCCCAGCG-3′, Igf2P3R 5′-CAGCAATGCAGCACAGAGGCGAAGCC-3′.
Protein preparation and immunoblotting
Adherent and floating cells were collected, washed once with phosphatebuffered saline, then resuspended in lysis buffer and processed as previously described. 41 For each sample, 30 μg were separated on 8% or 10% or 12% SDS-polyacrylamide gels and then transferred to activated polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). Western blotting was carried out according to standard protocols. Primary antibodies included YB-1 (Cat# 4202S), cleaved caspase-3 (Cat# 9664S; Cell Signaling, Danvers, MA, USA), cyclin D2 (Cat# sc593), RAN (Cat# sc-1156; Santa Cruz Biotechnology, Dallas, TX, USA) or β-tubulin (Cat# T4026; Sigma). Horseradish-peroxidase conjugated secondary antibodies were anti-mouse (Cat# 715-035-150, Jackson Immuno Research, West Grove, PA, USA) or anti-rabbit (Cat# 31460; Pierce, Life Technologies, Grand Island, NY, USA). Blots were developed using Amersham ECL kits (Pittsburg, PA, USA). Chemiluminescence was detected by exposing membranes to GE-Amersham (Buckinghamshire, UK) film for various intervals to obtain a nonsaturated image.
Immunofluorescence Paraffin-embedded sections were first dewaxed and rehydrated before antigen retrieval. CGNPs were grown on poly-DL-ornithine-coated glass coverslips as described previously. 10 The cells were fixed with 4% paraformaldehyde for 20 min. Sections and cells were analyzed by immunofluorescence according to standard methods. Antibodies used for immunofluorescence were YB-1 (Cell Signaling Cat# 4202S/Santa Cruz Biotechnology Cat# sc-4358), or PCNA (Calbiochem, Temecula, CA, USA; Cat# NA03), or Ki67 (Vector Laboratories, Burlingame, CA, USA; Cat#VP-K451), GFP (Abcam, Cambridge, MA, USA; Cat#ab290), mouse and rabbit IgG (Life Technologies; Cat# A11032, A11034, A11012, A11017).
Image capturing
Staining of cultured primary cells and tissue sections was visualized with a Leica DM2500 microscope and images were taken using Leica LFA software (Buffalo Grove, IL, USA). For quantification, TIFF images of four random fields were taken for each experimental group using the × 20 objective, and average pixel intensities were measured using ImageJ software. Confocal images were acquired using an Olympus FV1000 laser confocal microscope and captured by Olympus Fluoview Software (Integrated Cellular Imaging Core, Emory University).
Chromatin immunoprecipitation assay Human tumor collection and imaging analysis Gene expression analysis in previously published data sets was carried out using the R2 software (Academic Medical Center, Amsterdam, The Netherlands) available at http://r2.amc.nl. Subgroup-specific expression analysis was performed in the Boston gene expression profiling data set. 2 Using the R2 software and the megasampler function (http://r2.amc.nl), we compared YBX1 mRNA expression patterns in various gene expression profiling studies including tumor (n = 1032; deposited in http://r2.amc.nl) and normal samples (n = 225). The 62 medulloblastomas in the Kool et al. 74 were separated by subgroup affiliation. Expression differences were assessed using analysis of variance and post hoc comparisons where appropriate. SNP6 arrays were processed, normalized and analyzed as previously described. 39, 75 Subgroup affiliation and copy number state were derived from previously published data. 39, 75 The minimally overlapping region involving YBX1 was visualized in the Integrative Genomics Viewer (version 2.3). Paraffin-embedded tissue sections from a Shh subgroup (as determined by desmoplastic histology which is unique to the Shh subgroup) medulloblastoma patient sample were obtained from Matthew Schniederjan (Children's Healthcare of Atlanta). The sections were dewaxed and rehydrated. Antigen retrieval was performed by heating slides in sodium citrate for 20 min. After blocking endogenous peroxidases, slides were incubated with primary YB-1 antibody (Novus Biologicals, Littleton, CO, USA; Cat# NBP1-89945). Secondary antibodies were applied according to the manufacturer (Vector Laboratories). Slides were mounted using VectaMount permanent mounting media (Vector Laboratories). For Peptide competition assay, primary antibody for YB-1 (Novus Biologicals, NBP1-89945) dilution was prepared at usual concentration of 0.5 ng/μl and YBX1-blocking peptide (Abcam, ab175051) was added at a concentration of 5 ng/μl. Antibody/peptide dilution was incubated for 1 h at room temperature before being used in lieu of primary antibody for immunostaining.
YB-1 in medulloblastoma and Shh mitogenic signaling
Sample size and quantification
The sample size was chosen based on our previous report. 44 All the experiments for CGNP proliferation assessment were repeated using pups from five separate litters. Each litter comprised an average of 12 mice. Immunochemistry experiments were performed with five coverslips per treatment/infection, for each litter. Five randomly selected fields of 100 cells per coverslip were analyzed by an unbiased observer, using DAPI staining to select homogeneously distributed cell fields. Thus, statistical depiction of data are representative of a total n = 20, 100-cell fields. Data are shown as percentage change from Shh-treated GFP-infected cultures. GFP-infected cultures did not differ from uninfected Shh-treated cultures in levels of proliferation (not shown). For cerebellar slice cultures, experiments were performed using pups from three separate litters. With each separate litter, three slices were used for each electroporation. Data represented in graphs are from n = 9 experiments. For primary cell cultures derived from SmoA1-medulloblastoma tissue, the proliferation evaluation was repeated on six mice with tumors per condition. The imaging-based quantification was same as in case of CGNPs (mentioned previously) with n = 20, 100-cell fields. The SmoA1 tumor slice culture experiments were derived from three different mice bearing tumors. The mice bearing tumors were selected on the basis of symptoms described by Jim Olson and colleagues. 15 With each separate mouse, three slices were used for each electroporation. Data represented in graphs are from n = 9 experiments. Error bars represent s.d. of the mean. Significance (P40.01 in comparison with Shh-treated uninfected/GFP-infected CGNPs) was determined using the two-tailed t-test (Excel software). For RT-PCR and immunoblot analysis, two wells per treatment were pooled to maximize recovery of RNA and protein. Experiments for those analyses were repeated with three separate litters. Simple randomization was used in all the experiments where randomization is based on a single sequence of random assignments (control versus treated). 76 
